Malaria killed nearly half a million people in 2015, and 70% of this victims were young children. Malarial chemotherapy makes use of several drugs, each with its own pharmacological limitations, and with parasite resistance being the most challenging. People of low income nations often rely on traditional medicine as a treatment due to limited access to modern healthcare services. Despite uncertainties present in the outcome of traditional medicine, ethnomedicine approach has yielded important lead candidates. The investigation of medicinal plants utilized in the malaria endemic region yielded many antiplasmodial compounds with anthraquinone moiety. This paper describes natural anthraquinones extracted from medicinal plants utilized in traditional medicine for the treatment of malaria. In addition, the insight on structure-activity relationship and their mode of actions are also elaborated.
Protozoan parasites are common pathogens, causative agents of a number of severe tropical diseases such as malaria, amoebiasis, toxoplasmosis, trypanosomiasis and leishmaniosis. Malaria is the most damaging of them. It affects approximately 20% of the global population, with a higher concentration in tropical developing countries. In 2015, 429,000 deaths were recorded and with 70% being young children [1] . Malaria is estimated to kill a child every two minutes. WHO recommends Artemisinin Combination Therapy (ACT) for uncomplicated falciparum malaria in the sub-Saharan region. However, due to poverty and limited access to healthcare facilities, 56-69 million children have been unable to receive ACTs as a first-line treatment [1] . Despite the high prevalence of malaria infections globally, only 13 out of 1300 new drugs were introduced for parasitic diseases between 1975 and 1999 [2] .
Malaria is transmitted by Plasmodium falciparum, P. vivax, P. ovale, P. malariae [3] and recently P. knowlesi [4] .The most virulent form of malaria is caused by P. falciparum. Plasmodium sp. has a complex life cycle involving two hosts, the Anopheles female mosquito as the insect vector and human as the vertebrate host. As the female Anopheles mosquito feasts on human blood, the sporozoites in the saliva of the mosquito enter the human body and instigate a hepatic phase of malarial infection which lasts for [5] [6] [7] days. This phase is asymptomatic and produces thousands of merozoites. Clinical symptoms are observed within 48 hours after the merozoites make its way into the bloodstream. Clinical manifestations include chills, fever, prostration, anemia, cerebral malaria, multiple organ failure followed by death [5] . Besides asexual replicative cycle, the parasite splits into sexual forms known as gametocytes. The gametocytes are taken up by the female Anopheles mosquitoes during the blood feeding, and the sexual cycle begins in the stomach of the host mosquitoes.
A dramatic increase in malarial infection is observed today largely resulting from the widespread use of insecticide, which led to Anopheles mosquitoes resistance to insecticides as well as the increase in malarial protozoa resistance to the available drugs [6, 7] .
Many newer antimalarial drugs are developed mainly through the chemical modification approach making use of scaffolds of classical drugs such as chloroquine. However, cross-resistance develops rapidly due to their structural similarity with the parent drugs [8] .
Over 80% of people in low income nations depend on traditional herbal remedy as a first line treatment for malaria [9] . Ethnomedicine is a very attractive approach for novel and chemically diverse antimalarial agents [7] . Natural products are the source of two most important classes of drugs for severe falciparum malaria, which are derivatives of quinine and artemisinin [10] . An examination of medicinal plants used in malaria endemic region yielded active metabolites with anthraquinones moiety. In South East Asia, about 210 species are listed for the treatment of malaria [11] .
The chemistry of anthraquinones
Quinones: Quinones are natural pigments which perform as intermediaries between cellular respiration and photosynthesis [12, 13] . Some quinones play important roles in biochemistry of energy production and serve as vital links during the transportation of electrons. Quinones are classified into benzoquinone, naphthoquinone and anthraquinone based on the number of aromatic rings present as monocyclic, bicyclic or tricyclic [14, 15] . Anthraquinone is the largest class of quinones comprising of 1,4-and 9,10-anthraquinones.
Anthraquinones are commonly used as dyes, representing 30% of dyes in the textile industry [16] . Anthraquinones give various shades of colours depending on the nature and relative positions of auxochromic groups substituting hydrogen on the anthraquinone skeleton [17] . The colour of 1-hydroxy-anthraquinone is determined primarily by its tautomeric or conformational structures [18] . Anthraquinones are well-known for their laxative feature. Prolonged use of anthraquinone laxatives leads to melanosis coli but the pigmentation of the wall of the colon is benign [19] .
Anthraquinones are essential chromophores in cancer chemotherapy. Their mechanisms of action involve DNA binding by means of intercalation and also through the trapping of DNA Topoisomerase II complexes on cellular DNA [20] . The anthraquinone chromophores also induce lipid peroxidation via free radical chain reaction and consequently induce oxidative stress on cancerous cells [21] . Mitoxantrone, an aminoanthraquinone, is either used alone or in combination with other chemotherapeutic agents to treat several forms of cancer [22] . A number of anthracycline antibiotic drugs such as doxorubicin, valrubicin and daunorubicin are commonly used in anticancer chemotherapy [23] .
Classification of anthraquinones:
The anthraquinone moiety is widely distributed in nature from several forms of biological sources including bacteria, marine sponges, fungi, lichens and higher plants [15, 24] . They can be classified into polyketide anthraquinones and Rubia anthraquinones based on their biosynthetic pathways.
Polyketide anthraquinones: Polyketide anthraquinones are synthesised from acetate and malonate from polyketide pathway [25] . They are derived from one acetyl-CoA unit extended by seven malonyl-CoA units via an octaketide chain [26] . Polyketide anthraquinones can be found in fungi, lichens and plants from Rhamnaceae, Polygonaceae and Leguminosae. This classification of anthraquinones is characterised by the substitution on both rings A and C, and especially by the existence of hydroxyls at C-1 and C-8.
Emodin 1, chrysophanol 2, physicion 3 and aloe-emodin 4 are examples of anthraquinone commonly found in this pathway [27, 28] . They are widely employed as chemotaxanomic markers for Aloe species [28] . These anthraquinones can as well be found in lichens, fungi, marine sponges and bacteria including Streptomyces sp. They are well-known natural producers of the anthracycline type of drugs such as doxorubicin 5, valrubicin 6 and daunorubicin 7. Anthracylines from Streptomyces are sometimes glycosylated ( Figure 1 ).
Rubia anthraquinones:
Rubia anthraquinones are biosynthesised from 1,4-dihydroxy-2-naphthoic acid (DHNA) which forms rings A and B. DHNA is obtained from shikimic acid of shikimate pathway and α-ketoglutaric acid from tricarboxylic acid [29] . Ring C is biosynthesised from mevalonic acid via isopentenyl diphosphate (IPP)/3,3-dimethylallyl diphosphate (DMAPP). DMAPP is obtained from terpenoid pathway, while IPP is from the acetate/mevalonic acid pathways [26] . The introduction of hydroxyl and methyl groups at ring A occurs at a later stage of biosynthetic pathways [30] . The methyl groups at ring A are introduced by C-alkylation reaction, probably obtained from S-adenosyl-methionine (SAM) via an enzymatic transmethylation reactions [31] . O-Alkylation of hydroxyl group involving SAM gives rise to methyl groups.
Occurrences of Rubia anthraquinones are predominantly observed in the subfamily Rubiodeae particularly from the tribes Morindeae, Prismatomerideae, Ophiorrhizeae and Rubieae. Anthraquinones were also reported from the subfamilies Cinchonoideae and Ixoroideae. They are characterised by the substitution only on ring C [26] . The genus Rubia of the tribe Rubieae is the well-known producer of hydroxyanthraquinones such as rubiadin 8, alizarin 9, purpurin 10, xanthopurpurin 11, lucidin 12 and anthragallol 13 [26, 32] . Rubia anthraquinones are sometimes present in glycosylated forms [26] . In the tribes Morindeae and Prismatomerideae, anthraquinones are accumulated in the genera of Morinda and Prismatomeris. Rubiadin 8, damnacanthal 14 and nordamnacanthal 15 can be found in majority of the species of these genera [33] [34] [35] [36] [37] [38] [39] ( Figure 2 ). 
Antiplasmodial anthraquinones from medicinal plants:
The examination of medicinal plants used in malaria endemic region yielded numerous potential antiplasmodial agents with anthraquinone moiety, such as anthraquinones, phenyl anthraquinones and bianthraquinones. Some of the compounds displayed low toxicity with high therapeutic index.
Morinda lucida: M. lucida is traditionally utilised for the treatment of fever in certain West African countries. Crude extracts of different parts of M. lucida showed moderate antiplasmodial activity. Anthraquinones from M. lucida, 2-formyl-3-hydroxyl-9,10-anthraquinone 16 and damnacanthal 14 exhibited significant antiplasmodial activity against chloroquine-susceptible (3D7) and chloroquine resistant (K1) strains of Plasmodium falciparum with the IC 50 values between 20-45μM [40] .
Rennellia elliptica:
The dichloromethane root extract of R. elliptica displayed good antiplasmodial activity (3D7 strain) with an IC 50 value of 4µg/mL [41] . Purification of the root extract yielded anthraquinones with antiplasmodial activity. The strongest inhibition was exhibited by 2-methyl-3-hydroxy-9,10-anthraquinone 17 with an IC 50 value of 0.3µM followed by 2-formyl-3-hydroxy-9,10-anthraqunine 16, lucidin-ɷ-methyl ether 18 and 1,2-dimethoxy-6-methyl-9,10-anthraquinone 19 with the IC 50 values less than 1µM. The most active compounds (16 and 17) exhibited mild toxicity against hepatocyte cells with high therapeutic index [42] .
Pentas sp.: The root of P. micrantha is being utilized in Kenyan traditional medicine for the treatment of malaria related fever [43] . The methanol root extract of P. micrantha exhibited significant antiplasmodial activity in vitro against chloroquine-sensitive (D6) and chloroquine-resistance (W2) of P. falciparum with recorded IC 50 50 values within the range of 5-31µg/mL. The compounds displayed mild toxicity with selectivity index of less than 15 [45] .
Cassia sp.: C. siamea Lam. is traditionally utilized in malaria endemic regions for the treatment of periodic fever and malaria [46] . In the bioassay guided isolation approach on the stem extract of C. siamea, the ethyl acetate fraction exhibited antiplasmodial activity with an IC 50 value of 31.3µg/mL. The purification of the extract yielded emodin 1 which inhibited the growth of P. falciparum (K1) in vitro with an IC 50 value of 5µg/mL [47] . Another species of Cassia, C. nigricans is traditionally utilized in both Senegal and Guinea for the treatment of fever. 1,3,8-Trihydroxy-6-methyl-9,10-anthraquinone 24 isolated from the methanol extract of C. nigricans displayed moderate inhibition against chloroquine-resistant P. falciparum (K1) with an IC 50 value of 10.8µg/mL [48] . Aloe sp.: The A. pulcherrima root is traditionally used for treating malaria in the Central, Southern and Northern regions of Ethiopia. The purification of the acetone root extract yielded chrysophanol 5, aloesaponarin I 25 and aloesaponarin II 26 which displayed moderate antiplasmodial activity against chloroquine sensitive (D6) and chloroquine resistant (W2) P. falciparum with the IC 50 values within the range of 5-21µg/mL [49] . Another study on aloin 27 and aloe emodin 1 obtained from A. vera exhibited a moderate antiplasmodial activity [50] . Stereospermum kunthianum: The root bark of S. kunthianum Cham. is traditionally put to use by certain tribes in Uganda for the treatment of fever. The lipophilic extract of the root bark of S. kunthianum exerted inhibition against chloroquine-sensitive (poW) and chloroquine-resistant (Dd2) P. falciparum with the IC 50 values of 7.0 and 16.8µg/mL, respectively. Isolation of the active extract yielded anthrakunthone 28 which exhibited a moderate antiplasmodial activity with the IC 50 values of less than 6µg/mL (Dd2 strains) and less than 80µg/mL (FCM29). The anthraquinones displayed significant toxicity against endothelial ECV-304 cells with the IC 50 value of less than 80µg/mL and therapeutic index of less than 10 [51]. Scutia mystina: The use of S. mystina is associated with Kenyan traditional medicine for the treatment of malaria [52] . Anthrakunthone 28, scutianthraquinone A 29, scutianthraquinone B 30, scutianthraquinone C 31 and scutianthraquinone D 32 extracted from the bark of Madagascar S. mystina exhibited moderate activity against chloroquine-resistant P. falciparum (Dd2) and chloroquinesensitive P. falciparum (FCM29) with the IC 50 values of less than 6µg/mL and less than 80µg/mL, respectively. The anthraquinones displayed significant toxicity against endothelial ECV-304 cells with the IC 50 value of less than 80µg/mL and therapeutic index of less than 10 [53] . 
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Osman & Ismail chloroquine-resistance (K1) P. falciparum with the IC 50 values of less than 3µM [54] . The compounds displayed no toxicity against mammalian cells below 90µg/mL [55] . In a recent study, joziknipholones A 39 and B 40 were isolated from acetone root extract of B. frutescence. Compounds 39 and 40 exhibited potent antiplasmodial activity with the IC 50 values of 0.1 and 0.2µM, respectively. Both compounds displayed low toxicity against rat skeletal myoblast (L6) cells [56] . Bulbine-knipholone 41 from B. ensifolia also exhibited strong antiplasmodial activity against K1 strains with an IC 50 value of 751ng/mL [57] . Bulbine-knipholone 41, isolated from B. abyssinica showed similar antiplasmodial activity as well [57] . Kniphofia sp.: Kniphofia foliosa is widely utilized in Ethiopian traditional medicine. Its roots indicated strong antiplasmodial activity (3D7) with an IC 50 value of 3.8μg/mL. Phytochemical analysis conducted on the roots extract yielded 10-(chrysophanol-7′-yl)-10-hydroxychrysophanol-9-anthrone 42 and chryslandicin 43 which displayed strong antiplasmodial activity against K1 and NF54 strains of P. falciparum with the IC 50 values of less than 1μM [58] . In a recent study on the ethyl acetate extract of the K. foliosa root, 10-methoxy-10,7'-(chrysophanol anthrone)-chrysophanol 44 and knipholone cyclooxanthrone 45 exhibited a strong antiplasmodial activity with the IC 50 values of less than 6µM [59] . K. ensifolia extract showed promising antiplasmodial activity (Dd2) with an IC 50 value of 6µg/mL. Its chemical constituents, kniphofiones A 46 and B 47, knipholone 33, 10-(chrysophanol-7'-yl)-10-hydroxychrysophanol-9-anthrone 44 and chryslandicin 43, asphodeline 48 and microcarpine 49 isolated from ethanolic extract of the entire plant K. ensifolia exhibited strong antiplasmodial activity (Dd2) in vitro [60] . Knipholone anthrone 50 from the stems of K. foliosa showed strong antiplasmodial activity (K1 and NF54 strains) in vitro with the IC 50 values close to 4µM [54] .
Tectona grandis: T. grandis is commonly utilized in South-East Asia for the treatment of malaria. The purification of its methanol leaves extract yielded grandiquinone A 51, 5,8-dihydroxy-2-methylanthraquinone 52, tectograndone 53 and acetyltectograndone 54, which exhibited strong antiplasmodial activity against P. falciparum (Dd2) in vitro with the IC 50 values of less than 7µM [61] . Insight on structure-activity relationship of anthraquinones and their antiplasmodial activity: There are several reports on how the substitution pattern of 9,10-anthraquinones profoundly affects their antiplasmodial activity. In the study of the effects of hydroxylation on the antiplasmodial activity of 9,10-anthraquinones, Winter et al. stated that the antiplasmodial activity of hydroxyanthraquinones increased along with the number of hydroxyl groups [62] . In a different study on antiplasmodial anthraquinones from M. lucida, Sittie et al. established that the presence of a formyl group at C-2 and a phenolic hydroxyl group at C-3 as in 2-formyl-3-hydroxy-9,10-anthraquinone exerts antiplasmodial activity [40] . Nordamnacanthal 15 and damnacanthal 14, with the presence of hydroxyl and methoxy groups, respectively, at C-1 showed moderate activity. The observation depicted that the availability of free carbonyl groups contributed to the antiplasmodial activity of 9,10-anthraquinones [40] . In a previous report from this laboratory, it was established that anthraquinones with a methyl group at C-2 and a phenolic hydroxyl group at C-3 exhibited a stronger antiplasmodial activity than 2-formyl-3-hydroxy-9,10-anthraquinone 17 [41] . Further experiments on the structure-activity relationship of hydroxyanthraquinones derivatives from this laboratory revealed that the arrangement of hydroxyl substituents in meta-or ortho-arrangement exerts strong antiplasmodial activity especially in the presence of methyl group at C-6 of ring C as shown by 1,2-dihydroxy-6-methyl-9,10-anthraquinones 55 and 1,3-dihydroxy-6-methyl-9,10-anthraquinones 56 [63] .
In the study of antiplasmodial anthraquinones isolated from K. ensifolia, it was observed that kniphofiones B 47, a para-hydroxy cinnamate derivative of aloe-emodin 4, was six times more potent than aloe-emodin 4 itself. Various acyl aloe-emodin 14 derivatives were synthesized and examined for antiplasmodial activity [60] . Esterification of aloe-emodin 4 intensifies its antiplasmodial activity. The strongest inhibition was exhibited by (E)-(1,8-Dihydroxy-9,10-dioxo-9,10-dihydroanthracen-3-yl)methyl-3-(3,4-dimethoxy phenyl)acrylate 57, with over 40 times stronger than aloe-emodin 4 and nine times stronger than kniphofiones B 47. Compound 57 has two methoxy groups at C-3' and C-4' as compared to compound 47 with only one hydroxyl group at C-4'. 
Possible Mode of Action of Anthraquinones as Antiplasmodial Agents:
The mode of action of anthraquinones as antiplasmodial agent is vaguely understood. Nonetheless, they are well-known for inducing free radical formation in biological systems [21, 64, 65] . Anthraquinones may inhibit P. falciparum growth by inducing oxidative stress. Aromatic compounds often exhibit good activities against protozoa as a result of bio-reduction and formation of reactive free radicals [2] .
It is hypothesised that anthraquinones may act as antiplasmodial agents through futile redox cycling, similar to naphthoquinones [62, 65, 66] . They generally serve as a catalytic oxidising agent capable of undergoing cyclic one electron oxidation-reduction reactions [62] . Reactive oxygen species in infected erythrocytes is capable of inducing oxidative stress causing membrane lyses and cellular damage, which consequently results in the death of the Plasmodium parasite [67] . In the course of intraerythrocytic and the hepatic stage of malaria, it is essential for the parasite to encounter reactive oxygen species produced by the parasite, erythrocytes and host immune cells [68] . Drugs that induce oxidative stress such as artemisinin function by rendering the parasite more susceptible to attacks by oxygen radicals or causing enhanced production of oxygen radicals inside parasitized erythrocytes [65] . It is widely acknowledged that oxidative stress is an essential mechanism for the deaths of Plasmodium sp. and other intracellular parasites.
9,10-Anthraquinones have similar aromatic planar structures as xanthones, except for the carbonyl group at C-10. Anthraquinones could possibly have similar modes of action against P. falciparum as xanthones. Xanthones intervene in heme detoxification via freeradical hydroxylation and bind with free heme, consequently bringing about iron deprivation in parasites [62] . Ignatushchenko et al. indicated that carbonyl group of a hydroxyl substituting xanthone interferes with the heme formation, possibly owing to the association with free carboxyl groups of heme polymer and π-π interactions between the respective aromatic systems [69] . There was a similar observation from this laboratory as well. 1,2-Dihydroxy-6-methyl-9,10-anthraquinone 55 and 1,3-dihydroxy-6-methyl-9,10-anthraquinine 56 formed a stable complex with free heme with their hydroxyl groups forming a hydrogen bond with free heme [63] .
Free heme is toxic owing to its detergent-like properties that destabilises and lyses membranes [8, 67] . Also, it inhibits the activity of a number of enzymes such as cysteine proteases [67] and consequently results in the death of the parasite. Plasmodium sp. detoxify heme by dimerisation and the process is catalysed by lipids [70] and HRP2 II [67] . However, there are further evidences that the hemozoin formation may be spontaneous [71] and autocatalytic [67] . As compared to other metabolic pathways, malaria parasite faces difficulties in developing alternative process for hemoglobin degradation and heme detoxification [72] . This therefore makes food vacuole a potential chemotherapeutic target. In a recent study from this laboratory, damnacanthal 14, nordamnacanthal 15, 1,2-dihydroxy-6-methyl-9,10-anthraquinone 55 and 1,3-dihydroxy-6-methyl-9,10-anthraquinine 56 exert antiplasmodial activity by inhibiting HRP2 protein, thus preventing the dimerisation of free heme [42, 63] .
Rufigallol 58 exhibited potent antiplasmodial activity in vitro against P. falciparum (D6) with an IC 50 value of 35nM [62] . The synergistic effect of rufigallol 58 and exifone, increases the antiplasmodial activity by 50-60 fold in asynchronous culture and 350-500 fold in synchronous tropozoites culture [65] . It was hypothesised that exifone undergoes cyclodehydration in order to become a potent tricyclic antiparasitic agent, 2,3,4,5,6-pentahydroxyxanthone, when attacked by hydroxyl radicals induced by rufigallol 58 in the course of the redox-cycling process [65] . Emodin 1, a polyketide anthraquinone from Cassia sp. was discovered to inhibit PfFk8 at 2µM [73] . Plasmodium falciparum has a family of 19 FIKK kinases, and many of them are exported into the host red blood cell in the course of blood stage infection. In contrast, PfPk8 remains in the P. falciparum all the way through the blood stage malarial infection, making it a distinctive target for malarial chemotherapy [74] .
Conclusion:
The ethnomedicine approach for identifying potential hits from medicinal plants utilized in malaria endemic regions leads to the isolation of chemical constituents with anthraquinone moiety. These anthraquinones exhibited potent activities against several strains of Plasmodium falciparum. Structure-activity relationship analysis indicates the number of hydroxyl groups, and the presence of free carbonyl and free hydroxyl groups which are among the important features for anthraquinones to exert their antiplasmodial activity. The mode of action of anthraquinones against P. falciparum is not very well-known. Nonetheless, there are several hypotheses to enlighten on how they work as antiplasmodial agents.
